In this paper, we compare airgun sound levels measured during an offshore seismic survey to acoustic model predictions. The survey occurred in deep water (>650 m), on and beyond the continental slope in the Canadian Beaufort Sea. The modeling was performed with JASCO Applied Sciences' Marine Operations Noise Model, which uses a parabolic-equation-based algorithm to predict N×2 D sound propagation in ocean environments. Sound levels were measured with up to five calibrated Autonomous Multichannel Acoustic Recorders at distances of 50 to 50,000 m from the airgun array in water depths between 50 and 1,500 m. The sound levels were measured in both the broadside (across-track) and endfire (along-track) directions. The high-resolution digital recordings of seismic sounds were analyzed to determine peak and root-meansquare sound pressure levels and sound exposure levels as functions of range from the airgun array, and compared to the model results. Although the modeled sound levels were generally conservative, the model results accurately predicted the existence of a shadow zone and the overall transmission loss trend.
INTRODUCTION

METHOD Predictive Acoustic Modeling
Frequency-dependent source levels and directivity of the seismic airgun array were predicted with JASCO's AASM (MacGillivray 2006) . This model computes a set of pressure waveforms for the individual airguns, at the standard reference distance of 1 m, based on the array layout and each airgun's volume, tow depth, and firing pressure. These notional signatures account for the interactions with other airguns in the array. The signatures are summed with the appropriate phase delays to obtain the directional far-field acoustic signature of the array. This farfield signature is filtered into 1/3-octave passbands to compute the source levels, in dB re 1 µPa 2 ·s, as a function of frequency band and azimuth.
Underwater sound propagation was predicted with MONM. This model's predictions for various airgun array sizes have been compared to experimental data in several difference environments (Hannay and Racca 2005 , Aerts et al. 2008 , Ireland et al. 2009 , O'Neill et al. 2010 , Warner et al. 2010 , Racca et al. 2012a , 2012b . MONM treats sound propagation through a wide-angled parabolic equation solution based on a version of the U.S. Naval Research Laboratory's Range-dependent Acoustic Model (RAM; Collins 1996) that has been modified to account for an elastic seabed (Zhang and Tindle 1995) .
MONM computes three-dimensional acoustic transmission loss by modeling acoustic propagation along radial traverses covering a 360° swath around the source, an approach known as N×2-D. MONM accounts for range and/or depth variation of multiple environmental parameters, including bathymetry, sound speed in the water column, and sub-bottom geoacoustic properties. MONM also accounts for bottom loss due to shear wave conversion at the seabed and for compressional wave attenuation in all layers. The frequency-dependent sound field is modeled by computing the transmission loss at the center frequencies of successive 1/3-octave bands. Received levels are computed by subtracting the modeled transmission loss from the directional source levels in each frequency band. These received band levels are then summed to calculate the broadband sound field. In this study, 1/3-octave bands of 10 to 2000 Hz were predicted with MONM. This frequency range includes the important bandwidth of noise emissions from seismic airgun arrays.
Both rms SPL and SEL were computed from synthetic pressure waveforms modeled with FWRAM along one transect at each site. The range-dependent offsets between the rms SPL and SEL were used to convert the MONMmodeled sound fields from SEL to rms SPL. This approach combines the computational efficiency of MONM with the pulse length estimates provided by FWRAM.
FWRAM computes synthetic pressure waveforms versus range and depth with the same parabolic equation algorithm as MONM and uses the same environmental inputs (bathymetry, sound speed in the water column, and sub-bottom geoacoustic properties). FWRAM uses Fourier synthesis of the acoustic transfer function in closely spaced frequency bands to compute pressure waveforms. FWRAM is appropriate for computing time-averaged rms SPLs for impulsive sources since the calculations are conducted in the time domain.
Model Parameters
At the time of modeling, the Sirluaq program's survey area was not finalized, so sound propagation was modeled at five sites chosen to represent the full range of water depths within the proposed survey area. The final survey lines were, however, within a smaller area, for which two of the modeled sites apply based on the water depth: the intermediate (500-1000 m) and deep (>1000 m) regimes (Figure 1 ). FIGURE 1. Location of the modeled sites, the acoustic recorders (AMARs), and the recorded survey lines in the Canadian Beaufort Sea.
The array tow direction was unknown at the time of modeling, so it was modeled at a true bearing of 315°. Based on bathymetry in the area and directionality of the source signature, this tow direction likely produces the longest distances to sound level thresholds for establishing marine mammal exclusion zones.
The bathymetry for the modeled area was extracted from the SRTM30+ (v6.0) data grid. This dataset is a 30 arcsecond grid (~300×900 m at the studied latitude), rendered for the entire globe (Rodriguez et al. 2005) . The bathymetry data were re-gridded to cover a 200×200 km region with a horizontal resolution of 200×200 m.
Several detailed well logs containing comprehensive descriptions of sediments along with porosity and some density data are available for the Beaufort Sea continental shelf; however, no data were available at deeper depths off the shelf where the 2012 survey occurred. Based on the well log data and considering the extensive size of the modeled area, the geoacoustic profiles were generalized to reflect the major features of the sediment column at the modeled sites. The geoacoustic properties were estimated using the grain-shearing model of Buckingham (2005) , assuming the average porosity and density profiles of those measured at nearby wells (Table 1) . Sound speed profiles in the water column near the modeled sites were obtained from the U.S. Naval Oceanographic Office's Generalized Digital Environmental Model V 3.0 (GDEM; Teague et al. 1990 , Carnes 2009 ). GDEM provides ocean climatology of monthly temperature and salinity for the world's oceans on a latitudelongitude grid with 0.25° resolution. The GDEM temperature-salinity profiles for the month of August were converted to sound speed profiles according to the equations from Coppens (1981) .
Sound Level Measurements
JASCO measured sound levels using multiple AMARs deployed between 40 m and 90 m depth. Each AMAR continuously recorded 24-bit acoustic data with a GeoSpectrum M8E or M8K hydrophone (−164 or −201 dB re 1 V/µPa sensitivity, respectively). Before deployment, all AMARs were calibrated with a Pistonphone Type 42AC (G.R.A.S. Sound & Vibration A/S). The pressure sensitivities obtained from the calibrations were used in the data analysis to determine received sound levels.
During the survey, the seismic array was towed along parallel survey lines with a true bearing of 272°/092°. Sound levels from the airgun array in intermediate water depths (500-1000 m) were measured on 8-10 Aug 2012. Five AMARs (I1 through I5) were positioned to capture sound levels in both the broadside and endfire directions (Figure 2) . The AMARs were moored to the seabed so that the hydrophone sensor was suspended at approximately 60 m depth (Figure 3 ). Pressure sensors mounted on the AMARs recorded the actual measurement depth. Tandem 111 Acoustic Releases (InterOcean Systems, Inc.) connected the floating instrument package to the anchor weight for instrument retrieval. Before retrieval, the AMAR locations were triangulated with a Model 1100E Acoustic Command and Ranging Unit (InterOcean Systems, Inc.). AMARs I1 through I4 were deployed in water depths between 475 and 685 m. Due to a failure of the tandem release system, AMAR I5 at 50 km range was not recovered. Thus, no data were acquired at 50 km broadside. Sound levels from the airgun array in deep water (>1000 m) were measured on 11-15 Aug 2012. One AMAR was deployed at 50 km broadside (AMAR D5 in Figure 1 ) in 53 m of water using the same mooring as the intermediate water measurements (Figure 3) . Within 10 km of the airgun array, the water was too deep (>800 m) to moor AMARs to the seabed, so an AMAR was suspended from a drifting vessel at various ranges from the survey tracks (drift measurements in Figure 1) . A GPS receiver (Garmin GPSMAP 78s) affixed to a surface float recorded the coordinates as close to the AMAR as possible, and a depth sensor mounted on the AMAR recorded the depth, which depended on wind and ocean currents. Since the deployment vessel could not safely venture into the path of the seismic vessel's streamers, the closest measurement range was 650 m. These drift measurements were obtained over three days as the seismic vessel surveyed three lines. The geographic separation of the survey lines is unlikely to influence the measurements, since the variation in the bathymetry along the propagation paths was negligible relative to the water depth.
The bathymetry used for the predictive modeling was found to match the deployment depths on the deployment vessel's echosounder and was deemed accurate. Sound speed profiles were measured with Expendable Sound Velocimeter probes (XSV, Lockheed Martin Sippican). The XSV probes provide "sing-around" sound velocity measurements (±0.25 m/s) to depths up to 2000 m.
The acoustic data were analyzed to determine received sound levels as functions of range from the airgun array in both the broadside and endfire directions. Seismic pulses in the recordings were identified by manual picks and automated detection. The waveform data were converted to micropascals according to the calibrated hydrophone sensitivity of each AMAR. For each pulse, distance to the source array was computed from triangulated coordinates of the AMAR and time-referenced navigation logs of the acoustic center of the airgun array provided by the seismic vessel. The peak SPL, 90% energy rms SPL, and SEL were calculated for each seismic pulse.
RESULTS: MODELED VS. MEASURED SOUND LEVELS Intermediate Water Depth Regime
Sound levels were measured at ranges of up to 50 km in the endfire direction and up to 10 km in the broadside direction. The modeled levels were extracted at 60 m depth along true bearings of 315° and 225° (modeled endfire and broadside directions, respectively), up to a range of 140 km. Figures 4 and 5 compare the modeled and measured SELs and rms SPLs, respectively, in the endfire direction for the airgun array approaching and receding from AMAR I1, which was located directly on the survey track. Results for the broadside directions were similar to results from the endfire so they are not presented here. 
Deep Water Regime
Sound levels were measured at ranges of up to 50 km in both the endfire and broadside directions with a minimum range of about 650 m in the broadside direction and 1500 m in the endfire direction. The modeled levels were extracted at 40 m depth along true bearings of 315° and 225° (modeled endfire and broadside directions, respectively), up to a range of 140 km. Figures 6 and 7 compare the modeled SELs and rms SPLs, respectively, in the endfire direction for the airgun array approaching the AMAR suspended from a drifting vessel. The results for the broadside directions were similar to results from the endfire so they are not presented here. 
DISCUSSION
The modeled and measured sound levels are in agreement in both water depth regimes, especially in the intermediate (500-1000 m) regime. The model accurately predicted the existence of shadow and conversion zones (significant increase in sound levels seen between 1 and 10 km in Figures 4-7) as well as the overall transmission loss trend. In deep water, the transmission loss inside the shadow zone was stronger than modeled, and the distance to the minima was poorly predicted by the model.
The model overestimated sound levels in the near field (<100 m range). This is expected since the propagation model applies the far-field approximation.
The differences in location and sound speed profile between the modeling and the measurements are the main sources of error in the modeled sound levels. The actual survey lines for the Sirluaq program were within a smaller and deeper area than was modeled. In the intermediate water depth regime, the measured survey line had water depths between 650 and 800 m and was 65 to 115 km from the modeled site, where the water depth was 648 m. In the deep water regime, the monitored survey lines had water depths between 1200 and 1700 m and were 10 to 50 km from the modeled site, where the water depth was 1375 m. The measured sound speed profiles had a stronger gradient in the top 50 m of water than the modeled profile (Figure 8 ). This gradient resulted in increased downward refraction which contributed to the observed difference between modeled and measured sound levels.
